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(54) Space-time processing for wireless systems with multiple transmit and receive antennas 



(57) Signals are developed for use in a wireless sys- 
tem with multiple transmit and multiple receive antennas 
so that even in the face of some correlation the most 
open-loop capacity that can be achieved using a sub- 
stantially open-loop system with a channel of. that level 
of correlation is obtained. In accordance with the princi- 
ples of the invention, the signals transmitted from the 
various antennas are processed so as to improve their 
ability to convey the maximum amount of information. 
More specifically, the data to be transmitted is divided 
into M+1 substreams, where M is the number of transmit 
antennas. Each transmit antenna is supplied with a 



combination signal that is made up of a weighted version 
of a common one of the substreams and a weighted ver- 
sion of a respective one of the substreams that is sup- 
plied uniquely for that antenna, so that there are M trans- 
mit signals. A receiver having N antennas receives the 
M transmit signals as combined by the channel and re- 
constitutes the original data therefrom. This may be 
achieved using successive decoding techniques. Ad- 
vantageously, the capacity, i.e., the rate of information 
that can be conveyed with an arbitrarily small probability 
of error when the instantaneous forward channel condi- 
tion is unknown to the transmitter, is maximized. 
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Description 
Technical Field 

[0001] This invention relates to the art of wireless 
communications, and more particularly, to wireless 
communication systems using multiple antennas at the 
transmitter and multiple antennas at the receiver, so 
called multiple-input multiple-output (MIMO) systems. 
[0002] It is well known in the art that multiple-input 
multiple-output (MIMO) systems can achieve dramati- 
cally improved capacity as compared to single antenna, 
i.e., single antenna to single antenna or multiple anten- 
na to single antenna, systems. However, to achieve this 
improvement, It is preferable that there be a rich scat- 
tering environment, so that the various signals reaching 
the multiple receive antennas be largely uncorretated. 
If the signals have some degree of correlation, and such 
correlation is ignored, performance degrades and ca- 
pacity is reduced. 

Summary of the Invention 

[0003] We have invented a way of developing signals 
in a MIMO system such that even in the face of some 
correlation the most open-loop capacity that can be 
achieved using a channel of that level of correlation is 
obtained. In accordance with the principles of the inven- 
tion, the signals transmitted from the various antennas 
are processed so as to improve their ability to convey 
the maximum amount of information. More specifically, 
the data to be transmitted is divided into M+1 sub- 
streams, where M is the number of transmit antennas. 
Each transmit antenna is supplied with a combination 
signal that Is made up of a weighted version of a com- 
mon one of the substreams and a weighted version of 
a respective one of the substreams that is supplied 
uniquely for that antenna, so that there are M transmit 
signals. A receiver having N antennas receives the M 
transmit signals as combined by the channel and recon- 
stitutes the original data therefrom. This may be 
achieved using successive decoding techniques. Ad- 
vantageously, the open-loop capacity, i.e., the rate of in- 
formation that can be conveyed with an arbitrarily small 
probability of error when the instantaneous forward 
channel condition is unknown to the transmitter, is max- 
imized. 

[0004] In one embodiment of the invention, the 
weights are determined by the forward channel trans- 
mitter using channel statistics of the forward link which 
are made known to the transmitter of the forward link by 
being transmitted from time to time from the receiver of 
the forward link by the transmitter of the reverse link. In 
another embodiment of the invention, a determination 
of weight parameter, orthe weights themselves, is made 
by the forward channel receiver using the channel sta- 
tistics of the forward link and the determined weight pa- 
rameter, or weights, is made known to the transmitter of 



the forward link by being transmitted from time to time 
from the receiver of the forward link by the transmitter 
of the reverse link. 

5 Brief Description of the Drawing 

[0005] In the drawing: 

FIG. 1 shows an exemplary portion of a transmitter 
10 for developing signals to transmit in a MIMO system 
having a transmitter with M transmit antennas trans- 
mitting over a forward channel, such that even in 
the face of some correlation the most open-loop ca- 
pacity that can be achieved with a channel of that 
level of correlation is obtained, in accordance with 
the principles of the invention; 
FIG. 2 shows an exemplary portion of a receiver for 
a MIMO system arranged in accordance with the 
principles of the invention; 
FIG. 3 shows an exemplary process, in flow chart 
form, for developing signals to transmit in a MIMO 
system such that even in the face of some correla- 
tion the most open-loop capacity that can be 
achieved with a channel of that level of correlation 
is obtained with a substantially open-loop process, 
in accordance with the principles of the invention; 
FIG. 4 shows another exemplary process, in flow 
chart form, for developing signals to transmit in a 
MIMO system such that even in the face of some 
correlation the most open-loop capacity that can be 
achieved with a channel of that level of correlation 
is obtained with a substantially open-loop process, 
in accordance with the principles of the invention; 
and 

FIG. 5 shows an another exemplary portion of a 
transmitter for developing signals to transmit in a 
MIMO system having a transmitter with M transmit 
antennas transmitting over a forward channel, such 
that even in the face of some correlation the most 
open-loop capacity that can be achieved with a 
channel of that level of correlation is obtained, in 
accordance with the principles of the invention. 

Detailed Description 

[0006] The following merely illustrates the principles 
of the invention. It will thus be appreciated that those 
skilled in the art will be able to devise various arrange- 
ments which, although not explicitly described or shown 
herein, embody the principles of the invention and are 
included within its scope. Furthermore, all examples and 
conditional language recited herein are principally in- 
tended expressly to be only for pedagogical purposes 
to aid the reader in understanding the principles of the 
invention and the concepts contributed by the inventor 
(s) to furthering the art, and are to be construed as being 
without limitation to such specifically recited examples 
and conditions. Moreover, all statements herein reciting 
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principles, aspects, and embodiments of the invention, 
as well as specific examples thereof, are intended to en- 
compass both structural and functional equivalents 
thereof. Additionally, it is intended that such equivalents 
include both currently known equivalents as well as 
equivalents developed in the future, i.e., any elements 
developed that perform the same function, regardless 
of structure. 

[0007] Thus, for example, it will be appreciated by 
those skilled in the art that the block diagrams herein 
represent conceptual views of illustrative circuitry em- 
bodying the principles of the invention. Similarly, it will 
be appreciated that any flow charts, flow diagrams, state 
transition diagrams, pseudocode, and the like represent 
various processes which may be substantially repre- 
sented in computer readable medium and so executed 
by a computer or processor, whether or not such com- 
puter or processor is explicitly shown. 
[0008] The functions of the various elements shown 
in the FIGs., including functional blocks labeled as 
"processors" may be provided through the use of dedi- 
cated hardware as well as hardware capable of execut- 
ing software in association with appropriate software. 
When provided by a processor, the functions may be 
provided by a single dedicated processor, by a single 
shared processor, or by a plurality of individual proces- 
sors, some of which may be shared. Moreover, explicit 
use of the term "processor* or "controller" should not be 
construed to refer exclusively to hardware capable of 
executing software, and may implicitly include, without 
limitation, digital signal processor (DSP) hardware, 
read-only memory (ROM) for storing software, random 
access memory (RAM), and non-volatile storage. Other 
hardware, conventional and/or custom, may also be in- 
cluded. Similarly, any switches shown in the FIGS, are 
conceptual only. Their function may be carried out 
through the operation of program logic, through dedicat- 
ed logic, through the interaction of program control and 
dedicated logic, or even manually, the particular tech- 
nique being selectable by the implementor as more spe- 
cifically understood from the context 
[0009] In the claims hereof any element expressed as 
a means for performing a specified function is intended 
to encompass any way of performing that function in- 
cluding, for example, a) a combination of circuit ele- 
ments which performs that function or b) software in any 
form, including, therefore, firmware, microcode or the 
like, combined with appropriate circuitry for executing 
that software to perform the function. The invention as 
defined by such claims resides in the fact that the func- 
tionalities provided by the various recited means are 
combined and brought together in the manner which the 
claims call for. Applicant thus regards any means which 
can provide those functionalities as equivalent as those 
shown herein. 

[0010] FIG. 1 shows an exemplary portion of a trans- 
mitter for developing signals to transmit in a Ml MO sys- 
tem having a transmitter with M transmit antennas trans- 



4 

mitting over a forward channel, such that even in the 
face of some correlation the most open-loop capacity 
that can be achieved with a channel of that level of cor- 
relation is obtained, in accordance with the principles of 
s the invention. Shown in FIG. 1 are a) demultiplexer (de- 
mux) 101; b) weight supplier 105; c) antennas 107, in- 
cluding antennas 107-1 through 107-M; d) adders 109, 
including adders 109-1 through 109-M; e) multipliers 
111-1 through 111 -M+1 ; and f) radio frequency (RF) con- 
w verters 115; including 115-1 through 115-M. 

[0011] Demultiplexer 101 takes a data stream as an 
input and supplies as an output M+1 data substreams 
by supplying various bits from the input data stream to 
each of the data substreams. The data substreams are 
15 supplied by demultiplexer 101 to a respective one of 
multipliers 111. Multiplier 111-1 through 111-M multiply 
each value of the first M data substreams by a first 
weight supplied by weight supplier 105. Typically, each 
of the first M weighted data substreams are of equal 
rate. Similarly, multiplier 111 -M+1 multiplies each value 
of the M+1 * data substream by a second weight sup- 
plied by weight supplier 1 05. 

[0012] Typically the M+1 ft data substream Is not at 
the same rate as the first M data substreams. As will be 
recognized by those of ordinary skill in the art, the par- 
ticular rates for the first M data substreams and the 
M+1 * data substream are dependent on the receiver, 
in particular, the order in which the receiver performs the 
successive decomposition. Thus, the particular rates 
are typically negotiated from time to time between the 
receiver and the transmitter. Note that the more corre- 
lated the channel is, the larger the rate of the M+1 m data 
substream. 

[0013] The first and second weights may be related 
to each other, and may be developed by weight supplier 
105 from a common weight parameter which may be 
derived from statistics of the forward channel, as will be 
described in more detail hereinbelow. In one embodi- 
ment of the invention, weight supplier 105 actually de- 
velops the weight values in response to information re- 
ceived via the reverse channel from the receiver shown 
and described further in FIG 2. In another embodiment 
of the invention the weight values are developed in the 
receiver, then supplied via the reverse channel to the 
transmitter, in which they are stored in weight supplier 
105 until such time as they are required. A process for 
developing the weights in accordance with an aspect of 
the invention will be described hereinbelow. 
[0014] Each of the first M weighted data substreams 
is supplied as an input of a respective one of adders 
109. Each of adders 1 09 also receives at its other input 
the weighted M+1 ft data substream which is supplied 
as an output by multiplier 111 -M+1 . Each of adders 109 
combines the two weighted data substreams input to it 
so as to produce a combined branch signal. Thus, M 
combined branch signal are produced, one by each of 
adders 1 09. Each of radio frequency (RF) converters 
1 1 5 receives one of the M combined branch signals and 
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develops therefrom radio frequency versions of the M 
combined branch signals, which are then supplied to re- 
spective ones of antennas 1 07 for transmission. 
[0015] FIG. 2 shows an exemplary portion of a receiv- 
er for a Ml MO system arranged in accordance with the 
principles of the invention. FIG. 2 shows a) N antennas 
201, including antennas 201-1 through 201 -N; b) radio 
frequency (RF) converters 203, including radio frequen- 
cy (RF) converters 203-1 through 203-N; c) channel sta- 
tistics estimation unit 207; e) optional weight parameter 
calculator 209; and f) optional switch 211 . Each of an- 
tennas 201 receives radio signals and supplies an elec- 
trical version thereof to its respective, associated one of 
radio frequency (RF) converters 203. Each of radio fre- 
quency (RF) converters 203 downconverts the signal it 
receives to baseband, converts the baseband analog 
signal it received to a digital representation, and sup- 
plies the digital representation to channel statistics es- 
timation unit 207. 

[0016] Channel statistics estimation unit 207 devel- 
ops certain statistics regarding the channel. In particu- 
lar, channel statistics estimation unit 207 may develop 
a) an estimate of the average signal-to-interference- 
and-noise ratio (SINR), p, and b) the correlation among 
the channel components, t|. The correlation among the 
channel components is developed using an estimate of 
theforward matrix channel response which is developed 
in the conventional manner. Note that matrices are re- 
quired because there are multiple transmit antennas 
and multiple receive antennas. More specifically, the 
correlation among the channel components over a time 
period may be computed as -q = K / (K+1), where K is 
the well known Ricean spatial K-factor 
[0017] The channel statistics are supplied either to 
optional weight parameter calculator 209 or they are 
supplied via the reverse channel to the transmitter (FIG. 
1). If the channel statistics are supplied to weight pa- 
rameter calculator 209, weight parameter calculator 209 
determines the weight parameter that is to be used, in 
accordance with an aspect of the invention and as de- 
scribed hereinbelow, and supplies the resulting weight 
parameter to the transmitter (FIG. 1) via the reverse 
channel. 

[0018] FIG. 3 shows an exemplary process, in flow 
chart form, for developing signals to transmit in a MIMO 
system having a transmitter with M transmit antennas 
transmitting over a forward channel to a receiver having 
N receiver antennas and a reverse channel for commu- 
nicating from the receiver to the transmitter, such that 
even in the face of some correlation the most open-loop 
capacity that can be achieved with a channel of that level 
of correlation is obtained with a substantially open-loop 
process, in accordance with the principles of the inven- 
tion. The process of FIG. 3 may be employed in an em- 
bodiment of the invention that uses the hardware of 
FIGs. 1 and 2, with switch 211 being connected to chan- 
nel statistics estimation unit 207 as follows. 
[0019] First it is necessary to determine the length of 



time during which the channel statistics are stable. This 
is typically performed at the system engineering phase 
of developing the system, using measurements of the 
environment into which the system is to be deployed, as 

s is well known by those of ordinary skill in the art. Once 
the length of time for which the channel statistics are 
stable is known, that time is the time period over which 
information wilt be gathered to generate each statistic. 
[0020] The process of FIG. 3 is entered in step 301 at 

10 the beginning of each time period. Next, in step 303, the 
channel statistics are estimated over the time period. 
[0021] Thereafter, in step 305, (FIG. 3) the statistics 
are supplied by the receiver of the forward link to the 
transmitter of forward link, e.g., via the reverse channel. 

'5 p)022] In step 307 the first and second weights, a 1 
and ct2 are calculated, e.g., by weight supplier 105 (FIG. 
1). More specifically, the weights are calculated as fol- 
lows. 



25 cu- / P * 

^ VpN(*-Tl)(Mri + 1-Ti) 

where M, N, p, r\ are as defined hereinabove and 
P T is the total available transmit power. Thus it can be 
30 seen that there is a relationship between the two 
weights, allowing one of them to act as the weight pa- 
rameter from which the other is determined, e.g., ac- 
cording to the following 




[0023] In step 309, the input data stream is divided 
into M+1 substreams e.g., by demultiplexer 101 (FIG. 
1). Each of the first M data substreams is then multiplied 
by weight in step 311 (FIG. 3). In other words, each 
bit of each particular data stream is multiplied by to 
produce M weighted data substreams. Additionally, the 
M+1 m data substream is multiplied by 0% to produce the 
M+1 th weighted data substream. 
[0024] In step 313, each of the first M weighted data 
substreams is combined with the M+1 m weighted data 
substream, e.g., by adders 109. The process then exits 
in step 315. 

[0025] FIG. 4 shows another exemplary process, in 
flow chart form, for developing signals to transmit in a 
MIMO system having a transmitter with M transmit an- 
tennas transmitting over a forward channel to a receiver 
having N receiver antennas and a reverse channel for 
communicating from the receiver to the transmitter, such 
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that even in the face of some correlation the most open- 
loop capacity that can be achieved with a channel of that 
level of correlation is obtained with a substantially open- 
loop process, in accordance with the principles of the 
invention. The process of FIG. 4 may be employed in 
an embodiment of the invention that uses the hardware 
of FIGs. 1 and 2, with switch 211 being connected to 
weight calculator 209. Note that for the process of FIG. 
4, weight supplier 1 05 of FIG. I will not compute the var- 
ious weights, but will instead merely store the weights 
received from weight calculator 209 and supply them to 
the various ones of multipliers 113 as is necessary. 
[0026] The process of FIG. 4 is entered in step 401 at 
the beginning of each time period. Next, in step 404, the 
channel statistics are estimated over the time period. 
[0027] In step 405 at least one of the weights a 1 and 
ct2 are calculated e.g., by weight parameter calculator 
209 (FIG. 2). The at least one weight, or both of the 
weights, if both are calculated, are calculated in the 
same manner as described above. It is only necessary 
to calculate one of the weights which can then act as 
the weight parameter, from which the other weight can 
be determined in the transmitter using the relationship 
described above. 

[0028] Thereafter, in step 407, either both weights or 
the determined weight parameter is supplied by the re- 
ceiver of the forward link to the transmitter of forward 
link, e.g., via the reverse channel. The weight is stored 
in weight supplier 1 05 (FIG. 1 ). If only one weight is sup- 
plied as a weigh parameter, the other weight is comput- 
ed in weight supplier 105 and then also stored therein. 
[0029] In step 409, the input data stream is divided 
into M+1 substreams e.g., by demultiplexer 101 (FIG. 
1 ). Each of the first M data substreams is then multiplied 
by weight a 1 in step 411 (FIG. 4). In other words, each 
bit of each of each particular data stream is multiplied 
by 0| to produce M weighted data substreams. Addi- 
tionally, the M+1 * data substream is multiplied by Og to 
produce the M+1* 1 weighted data substream. 
[0030] In step 413 each of the first M weighted data 
substreams is combined with the M+1** 1 weighted data 
substream, e.g., by adders 1 09. The process then exits 
in step 415. 

[0031] FIG. 5 shows an another exemplary portion of 
a transmitter for developing signals to transmit in a MI- 
MO system having a transmitter with M transmit anten- 
nas transmitting over a forward channel, such that even 
in the face of some correlation the most open-loop ca- 
pacity that can be achieved with a channel of that level 
of correlation is obtained, in accordance with the princi- 
ples of the invention. Shown in FIG. 5 are a) demulti- 
plexers (demux) 501 and 503; b) weight supplier 505; 
c) antennas 507, including antennas 507-1 through 
507-M; d) adders 509, including adders 509-1 through 
509-M; e) multipliers 511-1 and 511-2; and f) radio fre- 
quency (RF) converters 515; including 515-1 through 
515-M. 

[0032] Demultiplexer 501 takes a data stream as an 



input and supplies as an output two data substreams by 
supplying various bits from the input data stream to each 
of the data substreams. The first data substream is sup- 
plied by demultiplexer 501 to multiplier 51 1-1 while the 

s second data substream is supplied to multiplier 51 1 -2. 
Multiplier 511-1 multiplies each value of the first sub- 
stream by a first weight supplied by weight supplier 505. 
Similarly, multiplier 511-2 multiplies each value of the 
second substream by a second weight supplied by 

w weight supplier 505. 

[0033] The first and second weights may be related 
to each other, and may be developed by weight supplier 
505 from a common weight parameter which may be 
derived from statistics of the forward channel, as will be 

is described in more detail hereinbelow. In one embodi- 
ment of the invention, weight supplier 505 actually de- 
velops the weight values in response to information re- 
ceived via the reverse channel from the receiver shown 
and described herein above in connection with FIG 2. 

20 tn another embodiment of the invention the weight val- 
ues are developed in the receiver, then supplied via the 
reverse channel to the transmitter, in which they are 
stored in weight supplier 505 until such time as they are 
required. 

25 [0034] Demultiplexer 503 takes the weighted data 
substream supplied as an output by multiplier 511 -1 and 
supplies as an output M weighted data substreams by 
supplying various bits from the weighted data sub- 
stream it received to each of the data M weighted sub- 
so streams. Typically, each of the M weighted data sub- 
streams are of equal rate. Each of the M weighted data 
substreams developed by demultiplexer 503 is supplied 
as an input of a respective one of adders 509. Each of 
adders 509 also receives at its other input the weighted 

35 second substream which is supplied as an output by 
multiplier 511-2. Each of adders 509 combines the two 
weighted data substreams input to it so as to produce a 
combined branch signal. Thus, M combined branch sig- 
nal are produced, one by each of adders 509. Each of 

40 radio frequency (RF) converters 515 receives one of the 
M combined branch signals and develops therefrom ra- 
dio frequency versions of the M combined branch sig- 
nals, which are then supplied to respective ones of an- 
tennas 507 for transmission. 

45 [0035] In another embodiment of the invention, for 
use with so-called lime division duplex" (TDD) systems, 
which share a single channel for both the forward and 
reverse channels, the calculation of the correlation 
among the channel components T| may be performed at 

so either end of the wireless link. This is because, since the 
forward and reverse channels share the same frequen- 
cy channel, alternating between which is using the chan- 
nel at any one time, the channel statistics for the forward 
and reverse channels will be the same. Therefore, the 

55 receiver of the reverse channel will experience the same 
correlation among the channel components r\ as the re- 
ceiver of the forward channel, and so the receiver of the 
reverse link can measure the correlation among the 
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channel components tj that was previously measured 
by the receiver of the forward link. Likewise, the receiver 
of the forward channel will experience the same channel 
response as the receiver of the reverse channel, and so 
the receiver of the forward link can determine the corre- s 
lation among the channel components t\ that were pre- 
viously determined by the receiver of the reverse link. 
However, the SINR must still be computed only at the 
receiver and relayed to the transmitter if necessary. 



Claims 

1. A method for transmitting a data signal in commu- 
nications over a forward channel, the method com- 15 
prising the steps of: 

demultiplexing said data signal into M+1 data 
substreams, M>2; 

weighting the first M of said data substreams 20 
with a first weight to produce M first weighted 
substreams; 

weighting the remaining M+1* data substream 
with a second weight to produce one second 
weighted data substream; 25 
combining each respective one of said M first 
weighted substreams with said second weight- 
ed data substream to produce M combined 
weighted data substreams. 

30 

2. The invention as defined in claim 1 further compris- 
ing the step of transmitting each of said combined 
weighted data substreams from a respective one of 
M transmit antennas. 

35 

3. The invention as defined in claim 1 further compris- 
ing the step of receiving a weight parameter via a 
reverse channel and developing therefrom said first 
and second weights. 

40 

4. The invention as defined in claim 1 wherein said first 
and second weights are determined as a function 
of forward channel statistics received from a receiv- 
er via a reverse channel. 

45 

5. The invention as defined in claim 1 further including 
the step of converting said combined weighted data 
substreams into radio frequency signals. 

6. The invention as defined in claim 1 wherein said first so 
and second weights are determined by solving 



Ct i = VM" a2 



a2 VpN(*-Tl)(Afn. + 1-Tl) 

where 

a 1 and are said first and second weights, re- 
spectively, 

P T is the total available transmit power 
p is an estimate of the average signal-to-inter- 
ference-and-noise ratio (SINR), and 
t) is the correlation among the channel compo- 
nents, 

M is the number of transmit antennas, and 
N is the number of receiver antennas. 

7. The invention as defined in claim 6 wherein 

T) = where K is the well known Ricean spatial 
Kfa&or! 

8. Apparatus for transmitting a data signal in a com- 
munications system over a forward channel, the ap- 
paratus comprising: 

means for demultiplexing said data signal into 
M+1 data substreams, M>2; 
means for weighting the first M of said data sub- 
streams with a first weight to produce M first 
weighted substreams; 

means for weighting the remaining M+1 m data 
substream with a second weight to produce one 
second weighted data substream; 
means for combining each respective one of 
said M first weighted substreams with said sec- 
ond weighted data substream to produce M 
combined weighted data substreams. 

9. The invention as defined in claim B wherein said ap- 
paratus comprises means for developing said 
weights. 

1 0. The invention as defined in claim 8 wherein said ap- 
paratus comprises means for storing said weights. 

1 1 . The invention as defined in claim 8 wherein said ap- 
paratus further comprises: 

means receiving a weight parameter via a re- 
verse channel; and 

means for developing said first and second 
weights from said weight parameter. 

12. The invention as defined in claim 8 further compris- 
ing means for transmitting each of said combined 
weighted data substreams as a radio frequency sig- 
nal from a respective one of M transmit antennas. 

1 3. The invention as defined in claim 8 wherein said first 
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and second weights are determined by means for 
solving 



mined by solving 



«2 



P N(f-Tl)(Afn. + l-Ti) 



where 



a 1 and ct2 are said first and second weights, re- 
spectively, 

P T is the total available transmit power 
p is an estimate of the average signal-to-inter- 
ference-and-noise ratio (SINR), and 
T| is the con-elation among the channel compo- 
nents, 

M is the number of transmit antennas, and 
N is the number of receiver antennas. 

14. A transmitter for transmitting a data signal in com- 
munications system over a forward channel, the 
transmitter comprising: 

a demultiplexer that divides said data signal in- 
to M+1 data substreams, M£2; 
multipliers for weighting the first M of said data 
substreams with a first weight to produce M first 
weighted substreams; 

multipliers for weighting the remaining M+1" 1 
data substream with a second weight to pro- 
duce one second weighted data substream; 
adders for combining each respective one of 
said M first weighted substreams with said sec- 
ond weighted data substream to produce M 
combined weighted data substreams. 

15. The invention as defined in claim 14 further com- 
prising a radio frequency converter for converting 
each of said combined weighted substreams to ra- 
dio frequency for broadcast by a respective one of 
M transmit antennas. 

16. The invention as defined in claim 14 wherein said 
weights are determined in said transmitter in re- 
sponse to a weight parameter received from a re- 
ceiver over a reverse channel. 

17. The invention as defined in claim 14 wherein said 
weights are determined in said transmitter in re- 
sponse to channel statistics received over a reverse 
channel from a receiver. 

18. The invention as defined in claim 14 wherein said 
wherein said first and second weights are deter- 
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a-t and are said first and second weights, re- 
spectively, 

P T is the total available transmit power 
p is an estimate of the average signal-to-inter- 
ference-and-noise ratio (SINR), and 
t] is the correlation among the channel compo- 
nents, 

M is the number of transmit antennas, and 
N is the number of receiver antennas. 

19. The invention as defined in claim 14 wherein said 
transmitter and receiver communicate using time 
division duplexing (TDD) and said weights are de- 
termined in said transmitter using an estimate of the 
correlation among the channel components that is 
determined by a receiver of a reverse link for said 
transmitter. 

20. A receiver for use in a MIMO system, comprising: 

N forward channel receive antennas; 
N radio frequency (RF) converters, each RF 
converter downconverting a signal it receives 
from a respective associated one of said N an- 
tennas to an analog baseband signal and con- 
verting said analog baseband signal to a digital 
representation; 

an estimator, responsive to said digital repre- 
sentations, for estimating channel statistics for 
a forward channel being received by said re- 
ceiver; and 

a transmitter for a reverse channel for transmit- 
ting said channel statistics from time to time to 
a receiver for said reverse channel. 

21. A receiver for use in a MIMO system, comprising: 

an estimator, responsive to N digital represen- 
tations of signals of a forward channel received 
by N respective antennas, for determining an 
estimate of the average signal-to-interference- 
and-noise ratio (SINR) for said forward channel 
being received by said receiver; 
an estimator, responsive to N digital represen- 
tations of signals of a forward channel recited 
by N respective antennas, for determining an 
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estimate of a correlation among the channel ^ 

components for said forward channel being re- a ^ _ L_L _ ^ 

ceived hv said receiver and » M 



ceived by said receiver; and 
a transmitter for transmitting over a reverse 
channel said estimate of the average SIN R and 
said estimate of a correlation among the chan- 
nel components. ~* VpW(r-Ti)(Mn + i-Ti) 



22. A receiver for use in a MIMO system, comprising: 

an estimator, responsive to N digital represen- 
tations of signals of a forward channel received 
by N respective antennas for determining an 
estimate of the average signal-to-interference- 
and-noise ratio (SINR) for a forward channel 
being received by said receiver; 
an estimator for determining an estimate of a 
correlation among the channel components for 
a forward channel being received by said re- 
ceiver; and 

a weight calculator for calculating at least one 
weight for use by a transmitter of said forward 
channel to transmit data substreams to said re- 
ceiver as a function of said estimates of SINR 
and correlation among the channel compo- 
nents 

23. The invention as defined in claim 22 further includ- 
ing a transmitter for a reverse channel for transmit- 
ting said at least one weight to a receiver for said 
reverse channel. 

24. A receiver for use in a MIMO system, comprising: 

N receive antennas; 

N radio frequency (RF) converters, each RF 
converter downconverting a signal it receives 
from a respective associated antenna to an an- 
alog baseband signal and converting said ana- 
log baseband signal to a digital representation; 
an estimator, responsive to said digital repre- 
sentations, for determining an estimate of the 
average signal-to-interference-and-noise ratio 
(SINR) for a forward channel being received by 
said receiver; 

an estimator for determining an estimate of a 
correlation among the channel components for 
a forward channel being received by said re- 
ceiver; and 

a weight calculator for calculating at least one 
weight for use by a transmitter of said forward 
channel to transmit data substreams to said re- 
ceiver as a function of said estimates of SINR 
and correlation among the channel compo- 
nents, said at least one weight being deter- 
mined in said weight calculator by solving at 
least one equation of the set consisting of 



where 

10 

a 1 and o^ are first and second weights, respec- 
tively, 

P T is the total available transmit power 
p is an estimate of the average signal-to-inter- 
15 ference-and-noise ratio (SINR), and 

T| is the correlation among the channel compo- 
nents, 

M is the number of transmit antennas, and 
N is the number of receiver antennas. 

20 

25. A method for transmitting a data signal in commu- 
nications over a forward channel, the method com- 
prising the steps of: 

25 demultiplexing said data signal into two data 

substreams; 

weighting the first of said two data substreams 
with a first weight to produce a first weighted 
substream; 

30 weighting the second of said two data sub- 

streams with a second weight to produce a sec- 
ond weighted substream; 
demultiplexing said second weighted data sub- 
stream into M weighted data substreams, M>2; 
35 combining each respective one of said M 

weighted substreams with said first weighted 
data substream to produce M combined 
weighted data substreams. 

40 26. The invention as defined in claim 25 further com- 
prising the step of transmitting each of said com- 
bined weighted data substreams from a respective 
one of M transmit antennas. 

45 27. The invention as defined in claim 25 wherein said 
first and second weights are determined by solving 
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a 1 and 02 are said first and second weights, re- 
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spectively, 

P T is the total available transmit power 
p is an estimate of the average signal-to-inter- 
ference-and-noise ratio (SINR), and 
il is the correlation among the channel compo- 
nents, 

M is the number of transmit antennas, and 
N is the number of receiver antennas. 

28. Apparatus for transmitting a data signal in a com- 
munications system over a forward channel, the ap- 
paratus comprising: 

means for demultiplexing said data signal into 
two data substreams; 

means for weighting the first of said two data 
substreams with a first weight to produce a first 
weighted substream; 

means for weighting the second of said two da- 
ta substreams with a second weight to produce 
a second weighted substream; 
means for demultiplexing said second weight- 
ed data substream into M weighted data sub- 
streams, M>2; 

means for combining each respective one of 
said M weighted substreams with said first 
weighted data substream to produce M com- 
bined weighted data substreams. 

29. The invention as defined in claim 28 further com- 
prising means for transmitting each of said com- 
bined weighted data substreams as a radio fre- 
quency signal from a respective one of M transmit 
antennas. 

30. The invention as defined in claim 28 wherein said 
first and second weights are determined by means 
for solving 
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31. A transmitter for transmitting a data signal in com- 
munications system over a forward channel, the 
transmitter comprising: 

a first demultiplexer that divides said data sig- 
nal into two data substreams; 
multipliers for weighting the first of said two da- 
ta substreams with a first weight to produce a 
first weighted substream; 
multipliers for weighting the second of said two 
data substreams with a second weight to pro- 
duce a second weighted substream; 
a second demultiplexer that divides said sec- 
ond weighted data substream into M weighted 
data substreams, M>2; 

M adders for combining each respective one of 
said M weighted substreams with said first 
weighted data substream to produce M com- 
bined weighted data substreams. 

32. The invention as defined in claim 31 further com- 
prising the step of transmitting each of said com- 
bined weighted data substreams from a respective 
one of M transmit antennas. 

33. The invention as defined in claim 31 wherein said 
first and second weights are determined by solving 
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where 



0| and ot2 are said first and second weights, re- 
spectively, 

P T is the total available transmit power 
p is an estimate of the average stgnaKo-inter- 
ference-and-noise ratio (SINR), and 
T| is the correlation among the channel compo- 
nents, 

M is the number of transmit antennas, and 
N is the number of receiver antennas 



where 



a 1 and otg are said first and second weights, re- so 
spectively, 

P T is the total available transmit power 

p is an estimate of the average signal-to-inter- 

ference-and-noise ratio (SINR), and 

T) is the correlation among the channel compo- ss 

nents, 

M is the number of transmit antennas, and 
N is the number of receiver antennas. 
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